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ABSTRACT 
 
 Soybean peroxidase (SBP)-catalyzed removal of phenol from a petroleum 
refinery sour wastewater was investigated. Hydrogen peroxide (H2O2), SBP, and Triton 
X-100 concentrations were optimized for the enzymatic removal of 95% phenol. 
Pretreatment by H2O2 was required to provide enough H2O2 for substrate conversion. 
Following enzymatic treatment, nitrification and denitrification reactions were conducted 
with varying concentrations of phenol, to determine what phenol concentration would 
completely inhibit the reactions. The nitrification process was optimized for carbon 
concentration, and a phenol concentration of approximately 100 mg/L completely 
inhibited the process. The denitrification process was optimized for mixed liquor 
suspended solid (MLSS) concentration, and a phenol concentration of approximately 125 
mg/L completely inhibited the process. It was determined that the enzyme-catalyzed 
treatment method was successful in removing 95% of the phenol concentration, and this 
method should be implemented prior to nitrogen removal at the petroleum refinery, in 
order for nitrification-denitrification to proceed efficiently.   
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CHAPTER 1 
 
1.  Introduction 
 
1.1 Background 
 Aromatic compounds, particularly phenol and its derivatives, are discharged into 
the wastewater streams of many industries including petroleum refining, coal mining, 
dyes and textiles, resin manufacturing, and the pulp and paper industry (Feng, 2013). 
Phenol is one of the 126 United States Environmental Protection Agency (USEPA) 
priority pollutants; it has been proven toxic, even at low concentrations in the 
environment, and is a potential carcinogen and/or endocrine disrupting chemical 
(Arseguel and Baboulene, 1994; Sakurai et al., 2001). 
Phenol is no longer produced in Canada; however 76000 tonnes and 95000 tonnes 
were imported in 1995 and 1996, respectively (Environment Canada, 2000). In 1996, 
total releases of 414.7 tonnes of phenol/total phenolics were reported to Environment 
Canada, 14% being discharged into water. Of the total release to water, 76% was from 
the pulp, paper, and wood industries, and 9% was from the petroleum refining industry 
(Environment Canada, 2000). 
If a receiving water containing phenol is to be used as a potable water supply, 
treatment will be required to remove the contaminant (Eckenfelder, 1988). The city of 
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London, Ontario’s Waste Discharge By-law (2010), states that no person shall discharge 
or deposit into or in sanitary sewers, waste which contains a concentration of phenolic 
compounds in excess of 1.0 mg/L. The by-law also states that no person shall discharge 
or deposit into or in a storm sewer, storm water which contains a concentration of 
phenolic compounds in excess of 0.02 mg/L. Windsor, Ontario limits phenol discharge to 
sanitary sewers to 1.0 mg/L if the average water usage is equal to or less than 500,000 
L/day, and 0.3 mg/L if the average water usage is greater than 500,000 L/day. Windsor 
limits phenol discharges to storm sewers to 0.02 mg/L (Windsor By-law Number 11446, 
2002). 
1.2 Petroleum Refinery Wastewater  
 Steam is used in many processes in petroleum refineries as a stripping medium 
during distillation, and a diluent to reduce hydrocarbon partial pressure in catalytic 
cracking applications (IPIECA, 2010). The steam is then condensed to a liquid phase and 
removed as sour water. Hydrogen sulphide (H2S) and ammonia (NH3) are absorbed into 
the water during condensation because they are contained in the hydrocarbons (IPIECA, 
2010). Refineries with catalytic crackers and delayed coker units produce more sour 
water than less complex refineries, and this sour water typically contains phenols and 
cyanides (IPIECA, 2010). 
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Figure 1-1 Petroleum refinery sour water samples 
 
A refinery sour wastewater sample was shipped from the United States in a cooler 
containing four 1 L bottles (Figure 1-1). The wastewater had a light brown colour, with a 
very fine amount of settled solids that quickly re-suspended when the jars were agitated 
slightly. The bottles contained sour water which had a pH of 12.0. The water also had a 
slight sulphur smell, and a test strip showed that H2S was present. The phenol 
concentration of the sour water was approximately 200 mg/L, the ammonia and nitrate 
concentrations were approximately 50 mg/L each, and the total organic carbon (TOC) 
concentration was 600 mg/L. The wastewater was brought down to a pH of 7.0 and 
stored at room temperature in the laboratory.  
1.3 Conventional Treatment Methods 
 Stringent laws involving the discharge of phenolic compounds have led to various 
treatment techniques. The conventional removal methods include: activated carbon/resin 
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adsorption, wet air oxidation, ozonation/advanced oxidation, electrochemical oxidation, 
photocatalyic oxidation, and aerobic/anaerobic degradation (Steevensz et al., 2008).  
 One of the most commonly used removal techniques is adsorption of phenol by 
activated carbon. The adsorption capacity depends on the structure of the adsorbent, the 
properties of the adsorbate, and the reaction conditions (Da browski et al., 2005). The 
difficulty with activated carbon adsorption is that the carbon regeneration process is 
expensive and incomplete because a portion of irreversible adsorption (Ahmaruzzaman, 
2008). Advanced oxidation processes (AOPs) such as H2O2/UV, ozone/H2O2/UV, Fenton 
reaction, and titanium dioxide/UV have been used recently to remove synthetic organic 
compounds from wastewater. They can handle a shock load to the system and 
successfully eliminate phenol; however there is no control over formation of 
intermediates which could be toxic to the biological treatment further down the treatment 
process (Turhan and Uzman, 2008). Activated sludge processes are used to remove 
phenols from wastewater because they are relatively inexpensive and there are few by-
products. The drawback to this approach is that it can not adjust to a shock load to the 
system (Al-Khalid and El-Naas, 2012). It is not uncommon to find a combination of 
different treatment methods being utilized in order to achieve the required removal and 
keep the cost down (Feng, 2013). Enzyme-catalyzed polymerization for removal of 
aromatics has been researched as an upcoming treatment method to rival conventional 
methods. Compared with conventional methods, enzymes are highly specific and can 
manage a shock load to the system. The substrate precipitates out of the solution and can 
be easily removed, rather than being transferred to the next system, and has a lower 
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chance of forming intermediates than AOPs. The disadvantage of enzymatic treatment is 
the high cost of enzyme (Nicell et al., 1993; Feng, 2013).  
1.4 Enzymes 
 Enzymes are biological catalysts; in living cells they increase the rate of chemical 
reactions that take place. There are six main classes of enzymes: oxidoreductases, 
transferases, hydrolases, lyases, isomerases, and ligases (Mazloum, 2014). They are 
tightly regulated, highly specific proteins that are composed of polymers of amino acids 
linked by peptide bonds. Enzymes were first used in wastewater treatment in the 1930s 
(Aitken, 1994), but they weren’t used to degrade specific pollutants until the 1970s. In 
1980, Klibanov and colleagues developed a new enzyme-catalyzed method for the 
removal of aromatic pollutants from wastewater.  
The active site of the enzyme allows specificity to a particular type of chemical 
group and type of reaction. The active site is comprised of the catalytic and binding sites. 
Reactions occur in the catalytic site, whereas the substrate is held in proper conformation 
by the binding site (Fersht, 1985).  
1.5 Nitrogen  
 Nitrogen can be found in many forms in wastewater. Two of the more common 
forms of nitrogen found in wastewater streams are ammonia (CAS # 7664-41-7) and 
nitrate (CAS # 84145-82-4). 
 Canada produced 3.0 million tonnes of ammonia in 1990, and 3.4 million tonnes 
in 1993 (Lauriente, 1995). The primary industrial use of ammonia is as the nitrogen 
source in fertilizers. Ammonia is also used in petroleum refineries in the fluid cracking 
process. Ammonia is used to a lesser extent in many other industries such as: 
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manufacture of synthetic fibres, pharmaceuticals, lotions and cosmetics, detergents and 
cleansers, production of explosives and beer, a neutralizing agent for acids in oil 
protecting refinery equipment from corrosion, and as a reducing agent for nitrogen oxides 
in flue gas during steel production (Environment Canada, 2000). The total reported 
releases of ammonia in 1996 were over 32000 tonnes, making it the top ranked National 
Pollutant Release Inventory (NPRI) substance in terms of amounts released in Canada 
(Environment Canada, 2000). Releases directly to watercourses totalled almost 6000 
tonnes; typically from resource based companies such as: pulp and paper, mining, and 
coal fired power generation (Environmental Canada, 2000). Windsor, Ontario limits 
ammonia discharges into storm sewers to 0.2 mg/L (Windsor By-law Number 11446, 
2002). 
 Anthropogenic processes such as: agricultural activities (including ammonium 
nitrate fertilizer and organic nitrate livestock manures), wastewater treatment, 
nitrogenous waste products in human and animal excrement, and discharges from 
industrial processes and motor vehicles, are the most common sources of nitrate 
(Kirmeyer et al., 1995). Nitrate salts have been used for centuries to cure and preserve 
meats and in the manufacture of certain cheeses. It is also used as an oxidizing agent in 
the production of explosives (WHO, 2007). 
 Conventional treatment methods for the removal of ammonia include biological 
nitrification, breakpoint chlorination, ion exchange, and membrane filtration 
(Environment Canada, 2013). Treatment methods for the removal of nitrate include ion 
exchange, biological denitrification, reverse osmosis, and electrodialysis (Environment 
Canada, 2013). 
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1.6 Objectives of the Study 
 Real wastewater samples were collected from the waste stream of a petroleum 
company. The wastewater had a high concentration of aromatics, mainly phenol, and due 
to this high concentration, the company was being charged heavily for sending these 
compounds to the wastewater treatment plant. An enzymatic treatment method on site 
would remove the phenol before discharging it to the treatment plant, thereby saving the 
company money. The samples also contained elevated ammonia and nitrate 
concentrations; therefore, after phenol removal, nitrogen management needed to be 
studied.  
The objectives for this study were: 
I. To optimize soybean peroxidase (SBP: EC 1.11.1.7) catalyzed removal of phenol 
from the petroleum wastewater sample. 
II. To determine the inhibitory effect that varying concentrations of phenol have on 
the nitrogen removal process.  
1.7 Scope 
 The scope of this study included: 
I. Optimization of SBP treatment of phenolic wastewater: 
i. Optimize the removal of phenol with respect to pH, hydrogen peroxide 
(H2O2) concentration, SBP concentration, and reaction time.  
ii. Evaluate the effect of H2O2 pretreatment on the optimized conditions.  
iii. Investigate the effect of adding Triton X-100 on the optimal enzyme 
concentration required. 
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II. Determination of the inhibitory phenol concentration on the nitrification and 
denitrification reactions: 
i. Optimize the nitrification reaction with respect to pH, dissolved oxygen 
(DO) supply, carbon supply, and reaction time.  
ii. Optimize the denitrification reaction with respect to pH, organic carbon 
concentration, MLSS concentration, and reaction time.  
iii. Evaluate the inhibition effect of phenol on the nitrifiers’ ability to remove 
ammonia.  
iv. Evaluate the inhibition effect of phenol on the denitrifiers’ ability to 
remove nitrate.  
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CHAPTER 2 
 
2.  Literature Review 
 
2.1 Phenol 
2.1.1 Chemical and Physical Properties 
 Phenol (also called: phenic acid, carbolic acid, benzene phenol, hydrobenzene, 
and monophenol) is a combustible aromatic compound. At room temperature phenol is a 
white crystalline solid when pure; however it is usually coloured due to impurities. 
Phenol is very soluble in ethyl alcohol, ether, and several polar solvents; as well as 
hydrocarbons. In water, phenol behaves as a weak acid. Phenol is identifiable by its 
pungent sweet, medicinal, or tar-like odour (Busca et al., 2008). Other physical and 
chemical properties of phenol are displayed in Table 2-1.  
Table 2-1 Physical and chemical properties of phenol 
Property Phenol 
Formula C6H6O 
Structure  
 
Molecular Weight (g/mol) 94.11 
Melting Point (˚C) 41 
Boiling Point (˚C) 182 
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pKa 9.99 
Log KOC 1.15-3.49 
Log KOW 1.46 
 
2.1.2 Industrial Sources and Applications 
 Multiple aromatics (including phenols) are raw materials and products of the 
chemical industry (Kumar et al., 2003). As a result, they are commonly found in the 
effluents of chemical industries such as petroleum refining, resin manufacturing, and the 
pulp and paper industry (Steevensz et al., 2008). Phenol is also used in a wide range of 
other applications, including as a feedstock in the production of other organic substances, 
and in the production of adhesives, explosives, coke, fertilizers, paints and paint 
removers, rubber, asbestos goods, wood preservatives, textiles, drugs, pharmaceutical 
preparations, and perfumes. Phenol is also used as a disinfectant, anesthetic, and 
antiseptic. It is also present in consumer products such as ointments, ear and nose drops, 
cold sore lotions, mouthwashes, toothache drops, throat lozenges, and antiseptic lotions. 
Phenol can also be formed during the degradation of some pesticides in soil 
(Environment Canada, 2000). 
2.1.3 Environmental and Health Effects 
 In the atmosphere, phenol generally exists in the vapour phase. It has a half-life of 
less than 24 hours and is therefore not expected to be transported over long distances in 
the atmosphere (RIVM, 1986; Howard, 1989; Howard et al., 1991). As previously 
mentioned, phenol acts as a weak acid in water; due to its high pKa, it is not expected to 
dissociate in the usual pH range of the environment. The half-life of phenol in 
groundwater can range from 12 to 168 hours (Howard et al., 1991). Phenol is not 
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expected to accumulate on sediment in water due to its low organic carbon/water 
partition coefficient (log Koc) and low octanol/water partition coefficient (log Kow) 
(Environment Canada, 2000). 
 The reaction of freshwater organisms, such as fish and invertebrates, to phenol 
has been widely studied. Different fish species are sensitive to phenol at concentrations 
ranging from approximately 5 mg/L to 85 mg/L (McLeay, 1976; Kishino and Kobayashi, 
1995). Invertebrates are sensitive to an even wider range of concentrations, from 2 mg/L 
to 2000 mg/L (Kamshilov and Flerov, 1978). The most sensitive endpoints are during the 
embryo-larval stage of development. The leopard frog and rainbow trout are sensitive to 
concentrations of just 0.04 mg/L and 0.07 mg/L respectively during this stage (Birge et 
al., 1979, 1980). 
 Phenol is severely irritating to the skin, eyes, and mucous membranes of humans, 
especially for children (Environment Canada, 2000). The potential carcinogenicity of 
phenol has been investigated. Increased cases of lung cancer were reported in studies 
done at workplaces where phenol was used (Dosemeci et al., 1991; Kauppinen et al., 
1993); however, concentrations of phenol were not recorded and there was also potential 
exposure to other carcinogenic compounds as well. There is no clear trend between lung 
cancer mortality and increased duration of phenol exposure (Blair et al., 1990).  
2.1.4 Treatment Methods 
 Typical treatment methods include: activated carbon adsorption, 
aerobic/anaerobic biodegradation, ozone oxidation, and ion exchange resins. Adsorption 
by activated carbon (AC) is one of the most frequently used methods because AC has 
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great adsorption ability for lower molecular mass organic compounds like phenols 
(Da browski et al., 2005).  
 In the past few decades, enzyme-catalyzed polymerization has been studied as a 
substitute to conventional phenol removal methods. This method was first developed by 
Klibanov, by using horseradish peroxidase (HRP) (Klibanov et al,. 1980). There are 
multiple benefits to using enzyme treatment when compared with physical, chemical, and 
biological treatment methods. These include: enzymes have high specificity which results 
in high efficiency of phenol removal; a low risk of forming secondary pollutants (Feng, 
2013); enzymes can handle high concentrations of pollutant over a wide range of pH and 
temperature; no shock loading effects; reduced biomass generation; and easier process 
control (Nicell et al., 1993). The disadvantage of enzyme treatment is the high cost of 
enzyme and the high possibility of enzyme inactivation. Enzyme inactivation can occur 
by: free radical attack, hydrogen peroxide inactivation, and reaction end-product 
inactivation (Feng, 2013). Soybean peroxidase (SBP) has taken the place of HRP in 
recent years due to its lower cost and low susceptibility to hydrogen peroxide 
inactivation.  
2.2 Peroxidases 
 As mentioned above, an enzyme-catalyzed treatment method was first developed 
in the 1980s by Klibanov et al., using HRP. Peroxidases are enzymes distributed 
throughout nature, commonly found in the plant and animal kingdom, as well as bacteria 
and fungi. They are classified into three superfamilies: plant, animal, and catalase 
(Dunford, 1999). Plant peroxidases are further divided into Class I, II, and III based on 
their sequence similarities. Class I peroxidases are of prokaryotic origin, and have no 
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calcium ions, cystine bridges, carbohydrates, and no signal peptide for secretion. Class II 
peroxidases are secreted fungal peroxidases that have two calcium ions, cystine bridges, 
and a signal peptide for secretion. Class III peroxidases are classical secretory plant 
enzymes that have two calcium ions, cystine bridges, extra helices, and a signal peptide 
for secretion (Dunford, 1999; Everse et al., 1991). Animal peroxidases differ from plant 
peroxidases in primary and tertiary structure. The helices that make up the heme binding 
pocket are similar to those of plant peroxidases. Catalase has the ability to act as a 
peroxidase, and Class II and III plant peroxidases can act as catalases. Catalases and 
peroxidases have similar heme groups; however catalases have different structure and 
primary sequence than those of plant and animal peroxidases (Dunford, 1999). 
2.2.1 Peroxidase Catalytic Mechanism  
 Aromatic compounds can be removed by polymerization using peroxidase 
enzymes. This three-step catalytic cycle is shown below. In Step 1, the native form of 
enzyme (E) loses two electrons to hydrogen peroxide, forming an oxidized enzyme 
intermediate (Ei: Compound I), and reducing H2O2 to water (Equation 2-1). In Step 2, 
Compound I oxidizes the reducing substrate (phenol in this study) shown as AH, which 
generates a free radical (•AH), then forms another enzyme intermediate (Eii: Compound 
II) (Equation 2-2). In Step 3, another reducing substrate molecule is oxidized by 
Compound II, generating another free radical, and returns back to its native form 
(Equation 2-3) (Dunford, 1999; Feng, 2013). The free radicals combine to form dimers 
and then undergo further enzymatic oxidation to dimer radicals that couple non-
enzymatically to form polymer chains. These polymers are less soluble in water and 
precipitate out (Nicell, 1993). 
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                                                     (Equation 2-1) 
         
  
                  (Equation 2-2) 
         
  
                     (Equation 2-3) 
The overall enzymatic reaction is summarized in Equation 2-4. 
            
 
                  (Equation 2-4) 
As mentioned above, enzyme inactivation can occur by: free radical attack, 
hydrogen peroxide inactivation, and reaction end-product inactivation. Free radical attack 
can occur when the free radicals generated from the reducing substrate return to the 
active site. They can form a covalent bond; blocking additional substrates’ access to the 
active site (Klibanov et al., 1983). Hydrogen peroxide inactivation occurs following 
Equation 2-1 if there is excess hydrogen peroxide or an absence of reducing substrate. 
Under these conditions, Compound I is irreversibly inactivated to an intermediate 
compound called P-670 (Arnao et al., 1990). Reaction end-product inactivation can occur 
as a result of the enzyme being adsorbed on end-product polymer particles, thereby 
blocking additional substrates’ access to the active site (Nakamoto and Machida, 1992). 
 Due to the above inactivation pathways, large amounts of enzyme are needed for 
treatment, which increases costs. Nakamoto and Machida first proposed using additives 
in the enzymatic treatment process. They believed that inactivation was primarily caused 
by end-product polymers blocking the active site, and suggested adding proteins, 
hydrophilic synthetic polymers, or surfactants to decrease enzyme inactivation. They 
used polyethylene glycol (PEG) as a sacrificial polymer to be adsorbed onto the polymer 
end products. This meant the enzyme did not submit to end-product inactivation, and they 
were able to drastically reduce the concentration of enzyme needed. Other studies have 
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been conducted on the effect of PEG on HRP-catalyzed removal of various phenols and 
anilines, and all found that PEG significantly lowered the concentration of enzyme 
needed (Nicell et al., 1993; Wu et al., 1994). Addition of surfactants such as Triton X-
100, Triton X-405, Tween 20, SDS, and NP-40 have also been proven to enhance phenol 
removal efficiency with HRP (Mousa et al., 2010; Tonegawa et al., 2003). 
 Recently a study was done where crude soybean peroxidase (SBP) was used to 
treat phenol (Feng, 2013). It showed that SBP trapped in the phenol precipitate remained 
active, thus allowing for recycling of the precipitate, and lowering the amount of enzyme 
required for treatment. The study used the surfactant Triton X-100 to reverse the 
immobilization of SBP on the phenolic precipitate, which resulted in higher activity. A 
small percentage of SBP remained on the precipitate; however, SBP inhibition could be 
reversed using Triton X-100 (Feng, 2013). Further studies by Steevensz (2014) 
broadened this work to a larger phenol concentration range, both in synthetic and real 
wastewaters. It was observed that the concentration of Triton X-100 needed increased 
linearly with the substrate concentration, and the use of Triton X-100 significantly 
decreased the concentration of SBP needed (Steevensz, 2014).  
2.2.2 Soybean Peroxidase (SBP) 
 HRP is the most studied peroxidase in terms of aromatic wastewater treatment 
(Dunford, 1999). However HRP has a short catalytic lifetime due to enzyme inhibition. It 
is inactivated at temperatures above 65 ºC, as well as at low pH. It is quite expensive to 
extract and purify HRP, which makes it difficult to produce the large quantities that 
would be needed to use in wastewater treatment (Mazloum, 2014). These drawbacks to 
HRP initiated the search for other peroxidases like SBP. 
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 The hemoprotein oxidoreductase enzyme, SBP, is a member of the Class III plant 
peroxidase superfamily. It is found in the seed coats of soybeans (Henricksen et al., 
2001). SBP loses almost no activity at a temperature of 70 ºC, and remains active at pH 
as low as 2 (McEldoon and Dordick, 1996; Ryan et al., 2006). As previously mentioned, 
SBP is extracted from the seed coat of soybeans which are usually considered a waste 
product. In 2008, soybean production was 230 million tonnes worldwide; therefore the 
seed coats (ca. 8% of bean weight) are an abundant and cheap source of enzyme 
(Hartman et al., 2011). Considering the advantages to using SBP, and the disadvantages 
to using HRP, it is no wonder that recent studies have been conducted on SBP.   
2.2.3 Peroxidases in Wastewater Treatment 
As witnessed above, several researchers have shown the applicability of enzyme 
catalyzed treatment of aromatic compounds in wastewater. HRP was initially used, and 
Arthromyces ramosus peroxidase (ARP) has also been shown to be a potential enzyme 
for wastewater treatment due to its low cost and prospect of commercial availability 
(Biswas, 2004). Similar to HRP, ARP is also more susceptible to hydrogen peroxide 
inactivation, and therefore SBP is a better peroxidase for wastewater treatment (Mousa et 
al., 2011). Crude SBP can be easily extracted from the soybean seed coat by soaking in 
water. The seed coat, or hull, is a by-product of the enormous soybean production 
industry, and is therefore a cheap and unlimited source of enzyme. Studies comparing 
purified SBP with crude SBP (Biswas, 1999; Flock et al., 1999) in the removal of 
aromatics from wastewater concluded that crude SBP was more efficient in removing 
cresols and phenolic compounds than purified SBP.  
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 There are many parameters involved in the optimization of phenol removal by 
SBP; these include: temperature, pH, hydrogen peroxide concentration, enzyme 
concentration, additive concentration, and reaction time. Hydrogen peroxide pretreatment 
is often necessary prior to the wastewater treatment. Reducing anions can consume 
hydrogen peroxide thereby lowering the concentration available for substrate conversion. 
Reducing anions that affect phenol removal are F
-
, Cl
-
, Br
-
, I
-
, SO4
-
, NO3
-
, CN
-
, S2O3
-
, and 
SO3
-
. Cyanide, halide, and sulphide can increase the enzyme concentration needed for 
phenol removal, or completely inactivate the enzyme. Sulphite, thiosulphite, Br
-
, and I
-
 
reportedly require larger concentration of hydrogen peroxide due to oxidation reactions 
(Wagner and Nicell, 2002; Steevensz et al., 2009).  
 Nicell (2003) states that increasingly stringent standards for the treatment of 
wastewater have led to the development of alternative methods. These methods are 
developed to meet one or more of the following objectives: 
1. Improve the efficiency of utilization of raw materials, thereby conserving 
resources and reducing costs. 
2. Recycle waste streams within a given facility to minimize the need for effluent 
disposal.  
3. Reduce the quantity and maximize the quality of effluent waste streams that are 
created during production of goods.  
4. Transform wastes into marketable products. 
Nicell (2003) goes on to list the following six criteria which need to be met for an 
enzyme to be considered a feasible wastewater treatment method: 
1. Confirm the ability of an enzyme to selectively act upon the target substrate.  
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2. Enzyme should be able to actively catalyze substrate under typical conditions. 
3. Enzyme should be stable under required reaction conditions. 
4. Enzymatic reactor systems should be simple to be accepted by potential 
industries.  
5. Reaction products should be less toxic and more biodegradable, or easier to treat 
in downstream applications than the original product.  
6. Enzymes must be commercially available.  
Based on its wide range of thermal and pH stability, ability to treat a wide range 
of aromatic compounds, its ease of collection and extraction, and its inexpensive 
commercial availability, SBP is an outstanding enzyme to be used in wastewater 
treatment (Mazloum, 2014) 
2.3 The Nitrogen Cycle 
There are many forms of nitrogen in the environment and the change of these 
compounds in the biosphere is called the nitrogen cycle. Nitrogen exists in many different 
forms due to the high number of oxidation states it can assume. Ammonia (NH3) has an 
oxidation state of -3, whereas nitrite (NO2
-
) and nitrate (NO3
-
) have oxidation states of +3 
and +5 respectively. The ammonium ion (NH4
+
) has an oxidation state of -3 and exists 
in equilibrium with the unionized molecular ammonia.  
The atmosphere is largely (79%) made up of nitrogen gas (N2) which has an 
oxidation state of zero (Delwiche, 1970, Sawyer and McCarty, 1967). Important 
transformation reactions in the nitrogen cycle include fixation, ammonification, synthesis 
(also called assimilation), nitrification, and denitrification (Christensen, 1972). Fixation 
of nitrogen gas to organic nitrogen for the consumption of plants and animals is done by 
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specialized microorganisms (Delwiche 1970). Ammonification is the change from 
organic nitrogen to the ammonium (NH3/NH4
+
) form. Ammonification typically occurs 
during the decomposition of animal and plant tissue and animal fecal matter. Synthesis is 
the use of ammonium or nitrate compounds to form plant protein and other nitrogen 
compounds. Nitrification refers to the biological oxidation of ammonium to nitrite, then 
to nitrate. Chemoautotrophic bacteria are responsible for these reactions, and 
Nitrosomonas and Nitrobacter are the most common nitrifiers under aerobic conditions 
(USEPA, 1975). Denitrification is a biological reduction from nitrate to nitrite, and then 
back to nitrogen gas. Examples of denitrifiers include but are not limited to: 
Pseudomonas, Micrococcus, Achromobacter, and Bacillus. An external carbon source is 
also required for denitrification such as methanol, ethanol, and many other natural or 
synthetic organic compounds (Delwiche, 1970). This study further looked into the effect 
of nitrification and denitrification on enzymatic treatment.  
2.3.1 Sources of Nitrogen and Effects of Discharge 
 There are natural and man-made sources in which nitrogen enters the 
environment. Although there are natural sources of nitrogen entering the environment, 
the concentrations are often increased due to man-made sources (USEPA, 1975). Natural 
sources include precipitation, dustfall, nonurban runoff, and biological fixation. Sources 
of man-made nitrogen include untreated and treated domestic sewage and industrial 
wastes, leachates, atmospheric deposition, and surface runoff.  
 There are numerous negative effects of nitrogenous compounds being discharged 
into the environment: biostimulation of surface waters, toxicity to aquatic life, reduction 
20 
 
in disinfection efficiency, dissolved oxygen depletion in receiving waters, adverse public 
health effects, and a reduction in reuse.  
 Eutrophication occurs when there is excessive plant growth or algae blooms 
resulting from fertilization runoff into rivers, lakes and estuaries (HMAC, 1973). 
Eutrophication ultimately causes increased turbidity in previously clear waters, odour 
problems, and lower dissolved oxygen (DO) levels. Plant and algal growth requires 
nitrogen and phosphorous, carbon dioxide, and sunlight. A buildup of nitrogen will 
promote algal blooms near the surface of the water, thereby blocking sunlight to other 
plant life deeper down. These blooms will also consume DO in the water that aquatic 
animals require, leading to fish kills (HMAC, 1973). A minor increase in pH can cause an 
increase in toxicity to aquatic life as the ammonium ion in transformed to molecular 
ammonia which can negatively affect fish life. Disinfection efficiency can be reduced 
when ammonium is present in wastewater. Chlorine gas is added as a disinfectant, and in 
the presence of ammonium, chloramines are formed which are less effective. Ammonium 
can also be oxidized to nitrite and nitrate in receiving waters which will create additional 
oxygen demand. Public health concerns arise from nitrate in drinking water which can 
lead to methemoglobinemia. This is a blood disorder that affects new-born babies when 
nitrate-rich water is used for preparing their formulas. The nitrate is reduced to nitrite in 
the stomach, which reacts with hemoglobin to form methemoglobin. Methemoglobin is 
not capable of carrying, oxygen, and this results in the infant suffocating, as well as the 
skin turning a bluish tinge (Kaufman, 1974). 
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2.3.2 Treatment Methods 
 There are many different methods of removing different types of nitrogen from 
wastewater including: air stripping, ion exchange, breakpoint chlorination, and biological 
treatment.  
 Air stripping is a process used to lower the ammonia concentration in a 
wastewater. The process consists of reacting ammonia which is a weak base, with water 
which is a weak acid, to form ammonium hydroxide. Next lime is added to increase the 
pH to approximately 11, which converts the ammonium hydroxide ions to ammonia gas 
for removal (Culp et al., 1978). Air stripping works well for concentrations less than 100 
mg/L. Ammonia stripping is unaffected by toxic compounds in the wastewater; however, 
the high pH may pose problems further down in the treatment process (Culp et al., 1978). 
 Selective ion exchange is a process used for ammonia removal by passing 
wastewater through a column of naturally occurring zeolite clinoptilolite, which has a 
high selectivity for the ammonium ion. Ion exchange has the ability to handle shock 
loadings and polish water to a very high specification (Jorgensen et al., 2003). Prior to 
ion exchange, filtration is required to prevent fouling of the zeolite (USEPA, 1975).  
 Breakpoint chlorination is another method of removing ammonia from 
wastewater. It involves chlorination of wastewater resulting in an initial increase of 
combined chlorine residual, then a decrease of the combined residual along with a 
decrease in ammonia concentrations, and finally an increase in free chlorine residual and 
almost complete removal of ammonia as nitrogen gas. Although almost all ammonia is 
removed with this method, a chlorine-to-ammonia nitrogen ratio of approximately 10 to 1 
is needed (Brooks, 1999).  
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 The main biological controls for nitrogen removal are nitrification followed by 
denitrification. As mentioned above, nitrification involves the conversion of influent 
organic nitrogen and ammonia to nitrate nitrogen. Denitrification then reduces the nitrate 
nitrogen to nitrogen gas. Nitrification and denitrification are further discussed below.  
2.4 Nitrification 
 The nitrification process occurs in two steps: the first involves the conversion of 
ammonia sequentially into nitrite and nitrate by chemoautotrophic bacteria under aerobic 
conditions (Equations 2-5 and 2-6). 
   
         
            
                    
          (Equation 2-5) 
   
         
                
               
       (Equation 2-6) 
The overall nitrification reaction is summarized in Equation 2-7. 
   
       
                                 
                
                 (Equation 2-7) 
Nitrifiers can be highly sensitive to chemical inhibition and toxic substances, as well as 
changes in many other parameters. The effects of different factors on the nitrification 
process are explained in the following section (Benninger and Sherrard, 1978) 
2.4.1 Parameters Influencing Nitrification 
 Based on the stoichiometry on Equation 2-7, an oxygen concentration of 4.57 
mgO2/ mgNH4
+
-N is required for nitrification. A continuous supply of oxygen should be 
provided for nitrification reaction to occur (Metcalf and Eddy, 2002). Temperature also 
plays an important role in the rate of nitrification because the maximum specific growth 
rate and the half-saturation constant vary with temperature. The optimum temperature for 
suspended growth systems has been reported to range from 28 to 32 ºC (Kang, 1978). 
The biochemical activity is also influenced by pH on the enzymatic level (Kang, 1978). 
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An optimum pH range of 7.0 to 9.0 is generally accepted; however nitrifiers have been 
shown to acclimate to lower pH values (Haug and McCarty, 1972). Wang et al., (1978) 
recommended a pH between 7.6 and 7.8 for optimum nitrification rate.  
2.4.2 Limitations of Nitrification 
 Nitrifiers have a low growth rate per mass of ammonia, which translates into long 
cell residence times to maintain a viable nitrifying mass. Due to the slow growth rate, 
nitrification systems have a decreased ability to recover from system shocks such as, pH 
or temperature fluctuations, low dissolved oxygen concentrations, and the presence of 
toxic compounds (Ersever, 2003). Some chemical compounds found in wastewaters can 
also have inhibitory effects on the nitrification process, for example, unionized ammonia, 
heavy metals, and aromatics (Kim et al., 2007; Rittman and McCarty, 2001). These 
compounds typically disrupt the enzyme production or action, or cause damage to the cell 
wall. The inhibition is apparent by decreased specific growth rates of the nitrifying 
bacteria (Ersever, 2003). Studies have shown that heavy metals such as chromium and 
nickel, at concentrations less than 250 μg/L, had inhibitory effects on the growth of 
Nitrosomonas (Skinner and Walker, 1961). Later Painter and Loveless, (1968) reported 
copper, zinc, and cobalt concentrations of 50-560 μg/L, 80-500 μg/L, and 80-500 μg/L 
respectively to have inhibitory effects on Nitrosomonas. Juliastuti et al., (2003) reported 
that the aromatics: chlorobenzene, trichloroethylene, phenol, and ethylbenzene had 
complete inhibitory effects on nitrification at concentrations of 0.75 mg/L, 1mg/L, 50 
mg/L, and 50 mg/L, respectively.  
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2.5 Denitrification 
The denitrification process is carried out under anoxic conditions, where nitrate 
nitrogen is converted to nitrogen gas by hetertrophic bacteria such as Pseudomonas, 
Micrococcus, Archromobacter, and Bacillus. The overall denitrification reaction is 
summarized in Equation 2-8. 
   
            
     
                           
  (Equation 2-8) 
Methanol is used as the carbon source; however many other organic compounds 
are used including glucose and ethanol (USEPA, 1975; Ersever, 2003). Nitrate reduction 
can be assimilatory and dissimilatory. Assimilatory nitrate reduction is when nitrate is 
reduced to ammonia for the synthesis of protein. Dissimilatory nitrate reduction is the 
conversion of nitrate to nitrogen gas. Assimilatory nitrate reduction is typically not 
included as denitrification because the end products remain in the system (Moore and 
Schroeder, 1970).  
2.5.1 Parameters Influencing Denitrification 
 Factors that influence the rate of denitrification are temperature, pH, C to N ratio, 
and DO concentration. Temperature has a major effect on the specific denitrification 
rates. Studies performed by Delanghe et al., (1994) and Lewandowski, (1982) showed an 
almost linear increase in the specific denitrification rate from 10ºC to 40ºC, and 5ºC to 
35ºC, respectively.  They found that outside these ranges, the denitrification activity 
dropped significantly.  Denitrification rates are reduced below a pH of 6.0 and above a 
pH of 8.0, and the highest denitrification rates occur within a range of pH 7.0 to 8.0 
(Knowles, 1982). Temperature also plays an important role on the denitrification rate. As 
previously mentioned, denitrifiers use a variety of organic carbon sources as the electron 
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donor. Therefore the carbon supply and carbon to nitrogen ratio will affect the 
performance of the denitrifiers. Multiple studies have shown that methanol is the 
preferential carbon source, based on economic considerations, and that the theoretical 
methanol-to-nitrate nitrogen ratio was 2.47:1 (Manoharan et al., 1989; Narkis et al., 
1979). Koopman et al., (1990) found that for complete denitrification, the ratio was in the 
range of 3.3 to 3.5. Dissolved oxygen greatly suppresses denitrification based on the fact 
that the rate of dissimilatory nitrate reduction is much slower than the rate of aerobic 
respiration. Denitrification can occur in the presence of low levels of DO; however, this 
is attributed to an oxygen gradient in the system where some cells are at zero DO, 
therefore they are able to reduce nitrate (Horstkotte et al., 1974; Moore and Schroeder, 
1971).  
2.5.2 Limitations of Denitrification 
 Similar to nitrifiers, denitrifiers are subject to inactivation at high or low pH and 
elevated temperatures. They are also inhibited by heavy metals and toxic compounds 
such as aromatics. A study by Gang et al., (2013) looked into the effect of heavy metals 
on denitrification. Some metals such as copper, nickel, and cobalt showed signs of mild 
inhibition at concentrations of 50 mg/L, but iron resulted in iron oxidation which actually 
stimulated denitrification. Studies on phenol inhibition of denitrification have shown 
mixed results. Phenol concentrations of 260 mg/L, 360 mg/L, and 1050 mg/L have shown 
to be inhibitory to denitrification depending on the type of bacterial culture (Holub et 
al.,2000; Sarfaraz et al., 2004; Eiroa et al., 2005).  
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CHAPTER 3 
 
3.  Materials & Experimental Methods 
 
This chapter describes the experimental methods, analytical procedures, 
chemicals, and equipment utilized during this study. 
3.1 Materials 
3.1.1 Aromatics 
Phenol (99% purity) was purchased from Aldrich Chemical Corporation 
(Milwaukee, WI). 
3.1.2 Enzymes 
Crude dry solid SBP (E.C. 1.11.7, Industrial Grade lot #18541NX, RZ = 0.75 ± 
0.10, Activity ≈ 5 U/mg) was obtained from Organic Technologies (Coshocton, OH). 
Liquid ARP concentrate (SP-502, Activity ≈ 2000 U/mL) was developed by Novzymes 
Inc. (Franklinton, NC). Dry solid bovine liver catalase (E.C. 1.11.1.6, lot #120H7060, 
Activity ≈ 19,900 U/mg) was purchased from Sigma Chemical Company Inc. (Oakville, 
ON). The solid SBP and catalase were stored at -15ºC and liquid ARP was stored at 4ºC.  
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3.1.3 Reagents 
4-aminoantipyrine (4-AAP) and potassium ferricyanide were purchased from 
BDH Inc (Toronto, ON) and stored at room temperature. Hydrogen peroxide (30% w/v) 
was purchased from BDH Inc. and stored at 4ºC.  
3.1.4 Additives 
Sodium dodecyl sulfate (SDS) was purchased from Sigma Chemical Company 
Inc. (Oakville, ON). Triton X-100 was purchased from Alphachem (Mississauga, ON).  
3.1.5 Buffers and Solvents 
Analytical grade monobasic and dibasic sodium phosphates were purchased from 
BDH Inc. (Toronto, ON). Concentrated hydrochloric acid, sulphuric acid, glacial acetic 
acid, formic acid, and 95% ethanol were purchased from ACP Chemicals Inc. (Montreal, 
QC). HPLC grade acetonitrile and methanol were obtained from Fisher Scientific Co. 
(Ottawa, ON). 
3.1.6 Nitrogen 
3.1.6.1 Ammonia Nitrogen 
Ammonia Nitrogen kit – High Range – Nesslerization Method (Code 3642-SC) 
was purchased from LaMotte Company (Chestertown, MD). Included in the kit were 30 
mL Ammonia Nitrogen Reagant #1 (Code V-4797-G), 2 X 30 mL Ammonia Nitrogen 
Reagent #2 (Code V-4798-G), and one 1 mL plastic pipet (Code 0354). Reagent refills 
were purchased from LaMotte Company (Chestertown, MD). 
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3.1.6.2 Nitrifiers 
A mixed culture of Nitrosomonas and Nitrobacter was supplied by the Little 
River Pollution Control Plant (Windsor, ON). It was collected from the plant at the 
overflow from the aeration tanks prior to secondary settling, and the culture was 
maintained in the laboratory. 
3.1.6.3 Nitrate Nitrogen 
Nitrate Nitrogen kit – Low Range – Cadmium Reduction Method (Code 3649-
SC) was purchased from LaMotte Company (Chestertown, MD). Included in the kit were 
2 X 60 mL Mixed Acid Reagent (Code V-6278-H), 5 g Nitrate Reducing Reagent (Code 
V-6279-C), one 0.1 g plastic spoon (Code 0699), and one Dispenser Cap (Code 0692). 
Reagent refills were purchased from LaMotte Company (Chestertown, MD).  
3.1.6.4 Denitrifiers 
A culture of mixed liquor activated sludge was supplied by the Little River 
Pollution Control Plant (Windsor, ON). It was collected from the plant at the anoxic tank 
prior to aeration, and the culture was developed in the laboratory.  
3.1.6.5 Total Nitrogen 
Total Nitrogen kit – Chromotropic Acid with Persulfate Digestion Method (Code 
4026-01) was purchased from LaMotte Company (Chestertown, MD). Included in the kit 
were 25 Total Nitrogen Hydroxide Reagent Tubes (Code 4040-G), 5 g Digestion Reagent 
Powder (Code 4036-C), 60 mL Deionized Water (Code 5115PS-H), 5 g Total Nitrogen 
Reagent A Powder (Code 4041-C), 30 Total Nitrogen Reagent B Tablets (Code 4042A-
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G), 25 Total Nitrogen Acid Reagent Tubes (Code 4043-G), two 0.15 g plastic spoons 
(Code 0727), four 1.0 mL plastic pipets (Code 0354), and two plastic funnels (Code 
0459). Reagent refills were purchased from LaMotte Company (Chestertown, MD). 
3.1.7 Others 
Syringe filters (0.2 μm, non-sterile) were purchased from Gelman Laboratories 
(Mississauga, ON). BD Luer-Lok Tip 10 mL syringe was obtained from Dickinson and 
Company (Franklin Lakes, NJ). Corning 50 mL graduated plastic centrifuge tubes were 
purchased from Fisher Scientific Co. (Fair Lawn, NJ). Various sizes of Fisherbrand 
Spinbar Teflon coated magnetic stirs bars were purchased from Fisher Scientific (Ottawa, 
ON). Pipetman adjustable volume pipettes (200 μL, 1000 μL, and 5 mL) were purchased 
from Mandel Scientific (Guelph, ON). 
3.2 Analytical Equipment 
3.2.1 UV-VIS Spectrophotometry 
Two spectrophotometers were used to quantify phenols through direct absorbance 
or colorimetric methods. The first was a Hewlett-Packard 8452 Diode Array 
Spectrophotometer (λ range of 190-820 nm and 2.0 nm resolution) controlled by a 
Hewlett Packard I/O card interfaced with a PC. The second was an Agilent 8453 UV-
Visible spectrophotometer (λ range of 190-1100 nm and 1.0 nm resolution) controlled by 
a Hewlett Packard Vectra ES/12 computer. Quartz cuvettes with 1.0 cm path length were 
purchased from Hellma (Concord, ON).  
 
30 
 
3.2.2 HPLC (High Performance Liquid Chromatography) 
Triton X-100 and phenol samples were analyzed using a Waters HPLC system 
(Mississauga, ON) with a Model 2487 dual wavelength absorbance detector, Model 1525 
binary HPLC pump and a 717 Plus auto-sampler operated by Breeze 3.3 software. A 
Waters Symmetry C18 reverse phase column (5 μm, 4.6 X 150 mm) column was used.  
3.2.3 TOC (Total Organic Carbon) Analysis 
Total organic carbon content of solutions was quantified using a Shimadzu TOC-
V CSH Total Organic Carbon Analyzer, purchased from Shimadzu Scientific Instruments 
(Columbia, MD). The TOC value was calculated by subtracting the inorganic carbon (IC) 
from the total carbon (TC). For IC measurement, hydrochloric acid or phosphoric acid 
was used to acidify the sample to convert the IC to CO2. For TC measurement, the 
samples were carried by nitrogen gas and oxidized to CO2. In both IC and TC 
measurements, the CO2 was detected by a non-dispersive infrared spectrophotometer 
(NDIR). All samples were micro-filtered before injection. Standard curves for IC and TC 
were selected from the machine database.  
3.2.4 Centrifuges 
Two centrifuges were used during this research. The first was a Jouan BR4i 
Refrigerated Centrifuge (Santa Fe Springs, CA) with a maximum speed of 4000 rpm and 
maximum capacity of 4 X 200 mL centrifuge tubes. The second was a Corning LSE
TM
 
Compact Centrifuge (Tewkbury, MA) with a maximum speed of 6000 rpm and 
maximum capacity of 6 X 15 mL or 6 X 50 mL centrifuge tubes. 
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3.2.5 pH Measurement 
Two pH meters were used. The first was an EA940 pH meter with stainless steel 
micro pH probe purchased from London Scientific (London, ON). The second was a 
WD-35613-10 Additional pH 6 Series Acorn Meter (pH/mV/ºC) with pH electrode and 
temperature probe purchased from London Scientific (London, ON). Calibration buffers 
of pH 4.00, 7.00, and 10.00 were purchased from BDH Inc. (Toronto, ON). 
3.2.6 Other Equipment 
A vortex mixer (variable speed, model K-550-G) was purchased from Scientific 
Industries, Inc. (Bohemia, NY). VWR Magstirrers (100-1500 rpm, model 82026-764) 
and Micro V magnetic stirrers (0-1100 rpm, model 4805-00) were purchased from VWR 
International Inc. (Mississauga, ON). An AccuSeries – 124 scale was purchased from 
Fisher Scientific Co. (Ottawa, ON). A YSI ProODO handheld dissolved oxygen meter 
used for dissolved oxygen measurement was purchased from YSI Incorporated (Yellow 
Springs, OH). A LaMotte SMART 3 Colorimeter (1910) was purchased from LaMotte 
Company (Chestertown, MD). 
3.3 Analytical Techniques 
3.3.1 Phenol Colorimetric Assay 
The concentration of phenol in solution was determined by measuring the colour 
formed by elecrophilic substitution of 4-AAP on phenolic compounds followed by the 
oxidation of the intermediate by K3Fe(CN)6. The reaction mixture contained 100 μL 4-
AAP (20.8 mM in 0.25 M NaHCO3), 100 μL K3Fe(CN)6 (83.4 mM in 0.25 M NaHCO3), 
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and 800 μL sample or sample diluted with distilled water. The end product of the reaction 
was a pink quinoneimine chromophore which was measured at 510 nm after 5 minutes. 
Each test was run in triplicate to reduce error. The standard curve of the phenol 
colorimetric assay can be found in Appendix B 
3.3.2 Hydrogen Peroxide Colorimetric Assay 
The concentration of hydrogen peroxide in solution was determined by measuring 
the colour formed by the oxidative coupling of phenol and 4-AAP with hydrogen 
peroxide using ARP as the enzymatic catalyst. The reaction mixture contained 200 μL  
reagent (12.5 mM 4-AAP, 12.5 mL 10x concentrate (100 mM phenol in 0.5 M phosphate 
buffer at pH 7.4), 0.31 mL Novo ARP concentrate, diluted to 25 mL with distilled water), 
and 800 μL sample or sample diluted with distilled water. The end product was a pink 
quinoneimine chromophore which was measured at 510 nm after 15 minutes. Each test 
was run in triplicate to reduce error. The standard curve of the hydrogen peroxide 
colorimetric assay can be found in Appendix B. 
3.3.3 SBP Activity Assay 
The free SBP activity in solution was measured using a colorimetric assay. One 
unit (U) of SBP activity is defined as the amount catalyzing one micromole of hydrogen 
peroxide consumption per minute under the assay conditions. The SBP activity (U/mL) 
was determined by measuring the initial rate of a pink chromophore formation at 510 nm 
in a solution made up of SBP and reagent. The reagent contained 40 mM phosphate 
buffer, 10 mM phenol, 0.2 mM hydrogen peroxide, and 2.4 mM 4-AAP. First, 50 μL of 
diluted SBP sample was added to the cuvette, followed by 950 μL of reagent. Reagent 
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addition provided appropriate mixing power to begin the reaction. Following reagent 
addition, the absorbance change was monitored during the first 30 seconds. An 
absorbance change of approximately 0.2 over 30 seconds was required; therefore the 
sample dilution was adjusted when necessary. The detection limit was approximately 0.1 
U/mL, so for samples with activity less than 0.1 U/mL the sample volume was increased 
and reagent volume decreased. Each test was run in triplicate to reduce error. Additional 
information can be found in Appendix A.  
3.3.4 Triton X-100 Analysis by HPLC 
Triton X-100 samples were run under isocratic conditions (Feng, 2013). Flow rate 
was kept at 1.0 mL/min, the injection volume was 50 μL, and the UV-detector 
wavelength was 276 nm. The mobile phase solvent in Pump A was acetonitrile, and 
Pump B was 0.1% aqueous formic acid. The ratio of solvent in the mobile phase as a 
percentage in Pump A was 95%, and Pump B was 5%. The standard curve of Triton X-
100 can be found in Appendix B.  
3.3.5 TOC Analysis 
TOC analysis was performed on refinery samples when they were received. 25 
mL of diluted sample was collected and micro-filtered. The machine was blanked with 
three milli-Q water injections, and TOC analysis was then done on a distilled water 
sample. Samples were then injected three times for TC and IC, and TOC was calculated 
by recording the difference.  
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3.3.6 Ammonia Analysis 
To monitor the ammonia nitrogen concentrations throughout the nitrification 
studies, a colorimetric SMART3 test kit with Nessler’s Reagent was used. Ammonia 
forms a coloured complex with Nessler’s Reagent in proportion to the amount of 
ammonia present in the sample. Rochelle salt is added to prevent precipitation of calcium 
or magnesium in undistilled samples. The samples were diluted 100 times to fall within 
the readable concentration range of the method (0.00 – 4.00 ppm NH3-N). All samples 
collected were micro-filtered prior to testing to eliminate turbidity.  
3.3.7 Nitrate Analysis 
To monitor the nitrate nitrogen concentrations throughout the nitrification and 
denitrification studies, a colorimetric SMART3 test kit with powdered cadmium was 
used. Powdered cadmium is used to reduce nitrate to nitrite. The nitrite that is originally 
present plus reduced nitrate is determined by diazotization of sulfanilamide and nitrite 
followed by coupling with N-(1 naphthyl)-ethylenediamine dihydrochloride to form a 
highly coloured azo dye which is measured colorimetrically. The samples were diluted 
100 times to fall within the readable concentration range of the method (0.00 – 3.00 ppm 
NO3-N). All samples collected were micro-filtered prior to testing to eliminate turbidity.  
3.3.8 Total Nitrogen Analysis 
Total nitrogen of the original petroleum wastewater sample was determined using 
a colorimetric SMART3 test kit with alkaline persulfate digestion. All forms of nitrogen 
are converted to nitrate by an alkaline persulfate digestion. Interference from halogen 
oxides is eliminated by the addition of sodium metabisulfite. Nitrate reacts in acid with 
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Chromotropic acid to form a yellow colour in proportion to the amount of nitrate in the 
treated sample. The samples were diluted 10 times to fall within the readable 
concentration range of the method (3 – 25 mg/L Total Nitrogen). All samples collected 
were micro-filtered prior to testing.  
3.3.9 Total Suspended Solids Analysis 
The total dissolved solids content of the nitrifying and denitrifying bacteria were 
determined by filtering a measured volume of sample placing it on a pre-weighed 
evaporating dish. It was then placed in the oven, and dried for 1 hour at 100 ºC. It was 
then cooled in a desiccator and weighed. The total dissolved solid concentration was 
calculated as the mass of the residue divided by the volume of sample. The cycle was 
done 6 times and the average concentration was used. The total solids was measured 
using the same method as total dissolved solids, however it was not filtered. The total 
suspended solids concentration was calculated by taking the difference between total 
dissolved solids and total solids. 
3.4 Experimental Procedures 
All experimental procedures used in this study were run in triplicate at room 
temperature (20 ºC - 22ºC), and the average of the three readings are presented, with 
standard deviation characterized by error bars.  
3.4.1 Enzymatic Treatment of Petroleum Wastewater 
Batch reactors were used to optimize the enzymatic treatment of phenol in the 
petroleum refinery wastewater. Parameters investigated were: pH, H2O2 concentration, 
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and SBP concentration. All experiments were conducted in 20 mL batch reactors and 1.5 
mM substrate as phenol was added. pH was adjusted between 6.0 – 8.0 using dilute 
sulphuric acid. H2O2 concentration was varied from 0.0 – 6.0 mM with and without a 3-
hour pretreatment of 3.5 mM. Once the H2O2 concentration was optimized, SBP 
concentration was varied from 0.5 – 3 U/mL. An arbitrary removal efficiency of 95% was 
chosen as the minimum acceptable phenol removal based on work done in previous 
studies (Feng 2013; Mazloum 2014). Based on these studies, a reaction time of 3 hours 
was chosen for all enzymatic treatment tests. After 3 hours of mixing, the reactions were 
quenched using 100 μL of catalase stock solution. The catalase broke the H2O2 down to 
water and oxygen. The samples were then micro-filtered and analyzed by the phenol 
colorimetric test explained in Section 3.3.1. 
3.4.2 Surfactant Effect 
Batch experiments were conducted to determine the effect of surfactant addition 
on enzymatic treatment. The concentration of Triton X-100 was varied from 0 – 200 
mg/L and the same approach described in Section 3.4.1 was used to find the optimal 
Triton X-100 concentration.  
3.4.3 Phenol Inhibition on Nitrification 
The mixed culture was maintained by using a nutrient feed comprised of 
ammonium sulfate, sodium carbonate and sodium bicarbonate buffers, and trace nutrients 
(Eiroa et al., 2005) 
Batch reactors were used to optimize the nitrification process. 300 mL of sample 
plus nutrients was added to the batch reactor, which was placed on a magnetic stirrer to 
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ensure continuous mixing. An air supply was added to keep the dissolved oxygen 
between 6 – 7 mg/L. pH was maintained between 7.1 – 7.7 by using 1 M NaOH and 1 M 
HCl. MLSS concentration was 2000 mg/L and NH3-N and NO3-N concentrations were 
monitored every 2 hours. The buffer concentrations were altered to determine the optimal 
carbon concentration. Once the carbon concentration was optimized, phenol was added 
from 0 – 300 mg/L to determine at what phenol concentration nitrification was inhibited. 
3.4.4 Phenol Inhibition of Denitrification 
The mixed culture was maintained using a nutrient feed comprised of potassium 
nitrate, methanol, and trace nutrients (Cyplik et al., 2012).   
Batch reactors were used to optimize the denitrification process. 300 mL of 
sample plus nutrients was added to the batch reactor, which was placed on a magnetic 
stirrer to ensure continuous mixing. The pH was maintained at 7.5 ± 0.2. Nitrogen gas 
was infused to reduce the dissolved oxygen concentration to anoxic conditions, and the 
reactor was sealed. A carbon to nitrogen ratio (BOD/N) of 2.3 was used based on 
previous studies (Ersever 2003). The optimal MLSS concentration was determined for 
denitrification, and phenol was then added from 0 – 300 mg/L to determine at what 
phenol concentration denitrification was inhibited.  
3.5 Sources of Error 
In any experimental, the reliability of results are influenced by a combination of 
systematic and random errors. Random errors are caused by human recklessness whereas 
systematic errors are caused by inaccurate instruments and experimental techniques. 
Random errors were minimized by conducting all experiments in triplicates or more, 
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analyzing the data, and averaging the results. Results that showed an outlier were 
repeated to determine if human error was the cause. Standard deviation between the 
triplicates was calculated and shown on all graphs as error bars. Graphs that appear not to 
have error bars have a standard deviation less than 1% and are therefore concealed by the 
icon. In addition, the same glassware, equipment, and techniques were used in all 
experiments to minimize random error. To minimize systematic error, instruments were 
regularly calibrated prior to use. Equipment was often tested against solutions with 
known concentrations to ensure accuracy. Chemicals were properly stored, and solutions 
that were easily degradable were checked before beginning an experiment, and replaced 
if necessary.  
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CHAPTER 4 
 
4.  Results & Discussion 
 
The focus of this chapter is to discuss how enzyme-catalyzed removal of phenol 
was optimized, followed by an examination of the inhibitory effect that phenol has on 
nitrification and denitrification. The parameters investigated for the removal of phenol 
were H2O2, SBP, and surfactant concentrations. The surfactant, Triton X-100, was used 
to decrease the amount of SBP needed to achieve 95% removal of the substrate. H2O2 
pretreatment was also investigated as a way to remove odour, and reduce the amount of 
enzyme necessary. Based on previous studies examining the removal of phenol and other 
aromatics using SBP (Mousa et al., 2009; Feng et al., 2013; Mazloum, 2014), 95% 
removal of substrate was set as the benchmark for all optimizations relating to phenol 
removal. During the nitrification process, the carbon concentration was optimized by 
varying the concentrations of sodium carbonate and sodium bicarbonate. Phenol was then 
added in varying concentrations to determine the inhibitory effect. During the 
denitrification process, the mixed liquor suspended solids (MLSS) concentration was 
optimized by measuring the nitrate removal at varying MLSS concentrations. Phenol was 
then added in varying concentrations to determine the inhibitory effect.  
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4.1 Phenolic Treatment 
4.1.1 Reaction Conditions 
 The reaction conditions for all phenol removal tests and optimizations were 
consistent. The catalytic activity of a specific enzyme-substrate complex is dependent on 
pH (Palmer, 1991). SBP is active over a wide pH range (2.0 to 10.0); it was determined 
in a previous study that 5.5 to 8.5 is the optimal range for pH (Caza, 1999). Therefore, a 
pH of 7.0 was chosen for this study because it will limit the need for further pH 
management in subsequent treatment units. The reactions all took place in 20 mL, 
continuously-stirred batch reactors that were run for 3 hours. This reaction time was 
chosen based on previous studies conducted at the University of Windsor involving 
enzymatic treatment of aromatics (Mazloum, 2014; Steevensz, 2008). All reactors 
contained 1.5 mM phenol. Although the wastewater sample contained 1.96 mM phenol, 
1.5 mM was the highest concentration that could be worked on due to dilution by the 
addition of H2O2, SBP, etc. Reactions were quenched after 3 hours by adding 50 μL of 
catalase stock solution, which broke down the H2O2 to water and oxygen. Concentration 
measurements were then conducted.  
4.1.2 H2O2 Concentration Optimization 
 Equation 2-4 shows that a 1:2 molar ratio of H2O2 to substrate, however studies at 
the University of Windsor have shown the optimum ratio to be closer to 1:1 (Taylor et 
al., 1998, Ibrahim et al., 2001). Thus, the effect of H2O2 concentration on the reaction 
needed to be investigated. Batch reactors were run under the conditions discussed above, 
with an excess concentration of SBP such that H2O2 would be the limiting factor. H2O2 
concentration was varied from 1.0 mM to 6.0 mM. All H2O2 concentrations resulted in 
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approximately the same removal efficiencies as shown in Figure 4-1. Following the 
reaction, the remaining concentration of H2O2 was measured, and is shown in Figure 4-2. 
It was observed that most, if not all, of the H2O2 was being consumed during the reaction. 
As was described in Section 2.2.3, reducing anions can consume H2O2, thereby lowering 
the concentration available for substrate conversion. Thus, H2O2 pretreatment was 
investigated in order to provide enough H2O2 for substrate conversion. 
 
Figure 4-1 H2O2 optimization for 95% phenol removal 
 
 
Figure 4-2 H2O2 remaining after reaction 
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4.1.3 H2O2 Pretreatment Effect 
 Pretreatment was conducted on the phenol wastewater at three different pH 
values: 6.0, 7.0, and 8.0. During a period of 5.5 hours, 6 mM H2O2 was added to the 
wastewater in a continuously stirred 20 mL batch reactor. The H2O2 was added in 2 mM 
steps because the concentration that would be consumed was unknown. After 3 hours, the 
H2O2 concentration consumed was just less than 3.0 mM, and after 5.5 hours the 
concentration consumed appeared to be leveling off at approximately 3.5 mM for all 
three pH values. These results are shown in Figure 4-3.  
 
 
Figure 4-3 H2O2 consumption at different pH values 
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Figure 4-4 H2O2 optimization for 95% phenol removal with 3.5 mM H2O2 pretreatment 
 
Pretreatment also removed the sulphur odour from the original samples, and a 
sulphide test strip determined that all sulphide had been removed. Thus, pretreatment 
with 3.5 mM H2O2 was conducted for 3 hours on subsequent experiments. Following the 
3-hour pretreatment, the H2O2 optimization was conducted again with excess SBP on the 
pH 7.0 wastewater and significantly better results were measured Figure 4-4. Even with 
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Therefore, 1.5 mM was chosen to be the optimum H2O2 concentration for further 
optimizations. It provided a H2O2 to substrate ratio of 1 to 1, which corresponds with the 
studies mentioned previously.  
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4.1.4 SBP Concentration Optimization 
 SBP optimization experiments were conducted under conditions discussed in 
Section 4.1.1, immediately following a 3-hour H2O2 pretreatment. The H2O2 
concentration was kept at 1.5 mM as discussed earlier, and the SBP concentration ranged 
from 0.5 U/mL to 3.0 U/mL. The results are shown in Figure 4-5. Results show 50% 
removal of phenol at the initial concentration of 0.5 U/mL; however 95% removal of 
phenol required a concentration of 2.2 U/mL. It was observed that the precipitate formed 
at all SBP concentrations was a dark brown, and floated on the surface of the wastewater, 
and as the SBP concentration approached the optimal 2.2 U/mL, the precipitate got 
darker and more dense.  
 
Figure 4-5 SBP optimization for 95% phenol removal with 3.5 mM H2O2 pretreatment 
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The enzyme economy of this process can be enhanced by using Triton X-100 
(Steevensz et al., 2014). The required SBP concentration can be reduced by adding the 
non-ionic surfactant to the reaction.  
4.1.5 Triton X-100 Effect 
 The SBP optimization process was conducted again under the same conditions 
with SBP concentrations ranging from 0.2 U/mL to 3.0 U/mL. For the optimization, 
excess Triton X-100 was added to ensure SBP was the limiting factor. Steevensz et al., 
determined that a phenol concentration of 1.5 mM required approximately 125 mg/L 
Triton X-100, so an excess concentration of 200 mg/L was used for the optimization. The 
results are shown in Figure 4-6. Comparing these results with the results in Figure 4-5, a 
three-fold decrease in the required SBP concentration was realized. The optimal SBP 
concentration with Triton X-100 was determined to be approximately 0.75 U/mL. 
 
Figure 4-6 SBP optimization for 95% phenol removal with 3.5 mM H2O2 pretreatment,   
and 200 mg/L Triton X-100 
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 After optimizing the required enzyme concentration with excessive Triton X-100, 
the surfactant concentration needed to be optimized. Triton X-100 was added at 
concentrations ranging from 0 mg/L to 200 mg/L to the pretreated wastewater containing 
1.5 mM phenol, 1.5 mM H2O2, and 0.75 U/mL SBP. Based on the results depicted in 
Figure 4-7, the optimal concentration of Triton X-100 for 95% phenol removal with 0.75 
U/mL SBP is 100 mg/L.   
 
Figure 4-7 Triton X-100 optimization for 95% phenol removal with 3.5 mM H2O2 
pretreatment 
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aerating the system. The culture was maintained using a nutrient feed consisting of 1.78 
mM ammonium sulphate, (NH4)2SO4, 0.2 mM magnesium sulphate heptahydrate, 
MgSO4•7H2O, 0.03 mM manganese (II) sulphate monohydrate, MnSO4•H2O, 0.03 mM 
calcium chloride dehydrate, CaCl2•2H2O, 0.09 mM potassium chloride, KCl, 0.09 mM 
sodium phosphate monobasic dihydrate, NaH2PO4•2H2O, 0.04 mM iron (II) sulphate 
heptahydrate, FeSO4•7H2O, 4.0 mM sodium carbonate, Na2CO3, and 4.0 mM sodium 
bicarbonate, NaHCO3.   
4.2.2 Carbon Concentration Optimization 
 Carbon was supplied to the autotrophic bacteria by adding sodium carbonate and 
sodium bicarbonate. During the reaction the pH was held at 7.5 ± 0.2, and the DO was 
evenly distributed to all batch reactors using an air manifold block, which allowed for six 
reactions to take place at once. The air manifold block was used to keep the DO between 
6 mg/L and 7 mg/L. 300 mL of sample plus nutrients were added to continuously stirred 
batch reactors, and the air was supplied to each reactor. Ammonia-nitrogen concentration, 
DO concentration, and pH were measured every 2 hours. The pH was adjusted after 
measurement if required. The experimental set-up and results are shown in Figures 4-8 
and 4-9, respectively.  
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Figure 4-8 Nitrification batch reactors, for carbon optimization reactions 
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 As shown in Figure 4-9, the optimal combinations of sodium carbonate and 
sodium bicarbonate are 2 mM each and 4 mM each. Both completely removed the 
ammonia after a reaction time of 8 hours. The reaction containing no sodium carbonate 
and sodium bicarbonate only removed about 20% of the ammonia after 10 hours, and the 
remaining combinations either completely or almost completely removed all ammonia 
after 10 hours. Comparing the results, 4 mM each is the better option even though it 
requires more sodium carbonate and sodium bicarbonate. This is because, every two 
hours the pH would drop down to 6.6 for the combination of 2 mM each, and therefore 
required continuous adjustment. The pH for the 4 mM each combination rose to 7.9 after 
the first two hours, and then levelled off at 7.7 after that and no longer required 
adjustment. Thus, the 4 mM combination was chosen to be the optimal concentration for 
further nitrification reactions.  
4.2.3 Phenol Effect 
 The experimental setup to determine the inhibitory effect of phenol on the 
nitrification process was the same as for the carbon optimization experiment discussed in 
the previous section. 4 mM sodium carbonate, and 4 mM sodium bicarbonate were used 
as the carbon supply, and the trace nutrients were added as well. The phenol 
concentration added ranged from 0 mg/L to 300 mg/L (3.2 mM). The results are shown in 
Figure 4-10. 
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Figure 4-10 Nitrification inhibition by different phenol concentrations 
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2003), and can be attributed to different strains of bacteria cultures being used.  
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Figure 4-11 Ammonia removal after 8 hours of nitrification with varying phenol 
concentrations 
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calcium chloride hexahydrate, CaCl2•6H2O, 0.004 mM iron (II) sulphate heptahydrate, 
FeSO4•7H2O, 0.005 mM zinc chloride, ZnCl2, 0.0001 mM copper (II) sulphate 
pentahydrate, CuSO4•5H2O, 0.0003 mM barium chloride, BaCl2, and 2.2 mM  
methanol, CH3OH, was used as the external carbon source (C:N = 2.3). 
4.3.2 MLSS Concentration Optimization 
 Varying MLSS concentrations were tested in order to determine the optimal 
concentration for nitrate removal. The pH was adjusted slightly to 7.6 ± 0.2, the carbon to 
nitrogen ratio was 2.3, and the DO was minimized by purging the system with nitrogen 
gas for 10 minutes prior to the reaction and then sealing the reactor. The MLSS 
concentration ranged from 1500 mg/L to 3000 mg/L. The experimental set-up and results 
are shown in Figure 4-12 and 4-13, respectively.  
 
Figure 4-12 Denitrification batch reactors, for MLSS optimization reactions 
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Figure 4-13 MLSS concentration optimization for denitrification 
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concentration added ranged from 0 mg/L to 300 mg/L. The results are shown in Figure 4-
14. 
 
Figure 4-14 Denitrification inhibition by different phenol concentrations 
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al., 2005), and can be attributed to different strains of bacteria cultures being used.  
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Figure 4-15 Nitrate removal after 8 hours of denitrification with varying phenol 
concentrations 
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CHAPTER 5 
 
5.  Summary & Conclusions 
 
 The results from the first objective of this study demonstrate the ability of SBP to 
remove phenol from a petroleum refinery wastewater. Phenol was optimized for 95% 
removal by SBP-catalyzed polymerization and Triton X-100 was added to decrease the 
amount of enzyme required to achieve the desired phenol removal. An initial attempt 
H2O2 concentration optimization determined that all H2O2 was being consumed during 
the reaction, and 95% removal of phenol could not be achieved.  The wastewater was 
then pretreated with 3.5 mM H2O2 for 3 hours, to reduce H2O2-consuming anions, and to 
remove sulphide from the wastewater which caused unpleasant odours. Following 
pretreatment, the H2O2 concentration was re-optimized, with positive results. The H2O2 to 
substrate ratio was 1:1. SBP was then optimized, with and without the presence of Triton 
X-100. A three-fold decrease in the required enzyme concentration was observed when 
using the surfactant. Finally, the Triton X-100 concentration was optimized for 95% 
phenol removal. Table 5-1 summarizes the optimized concentrations for 95% phenol 
removal over a 3 hour reaction time.  
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Table 5-1 Optimized reaction conditions for 95% phenol removal 
Parameter Optimized Concentration 
H2O2 3 hour pretreatment 3.5 mM 
H2O2 following pretreatment 1.5 mM 
SBP without Triton X-100 2.2 U/mL 
SBP with Triton X-100 0.75 U/mL 
Triton X-100 100 mg/L 
 
 The results from the second objective of this study demonstrated the optimization 
of carbon concentration for nitrification and MLSS concentration for denitrification. The 
effects of varying concentrations of phenol on these reactions were then observed. The 
results from these experiments are summarized in Table 5-2.  
Table 5-2 Reaction conditions for nitrification and denitrification experiments 
Parameter Optimized Concentration 
Sodium carbonate concentration for 
nitrification 
4 mM 
Sodium bicarbonate concentration for 
nitrification 
4 mM 
Concentration at which phenol 
completely inhibited nitrification 
75 mg/L – 100 mg/L 
MLSS concentration for denitrification 
 
2500 mg/L 
Concentration at which phenol 
completely inhibited denitrification 
100 mg/L – 125 mg/L 
 
 It was determined that the concentration of phenol in the petroleum wastewater 
(196 mg/L) would have an inhibitory effect on the nitrification and denitrification 
reactions, therefore removal of phenol would be required prior to nitrogen management. 
Depending on the individual discharge requirements of the municipality or refinery, 
complete removal may not be necessary (further discussed in Chapter 6).  
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CHAPTER 6 
 
6.  Recommendations 
 
 The results of this study confirm the applicability of SBP as a means of removing 
phenol from a petroleum refinery wastewater. The research also confirms that the phenol 
concentration, in the particular wastewater studied, would completely inhibit nitrogen 
management if it were not removed earlier. Before this treatment can be implemented in 
the petroleum refinery, further investigations will need to be carried out. 
1. An industrial waste survey would need to be conducted for the specific enzymatic 
and nitrogen management process operations, as well as for the refinery as a 
whole. The procedures to be followed can be summarized in four steps: develop a 
sewer map indicating possible sampling stations and a rough magnitude of the 
anticipated flow; establish sampling and analysis schedules; develop a flow-and-
material-balance diagram that considers all significant sources of waste discharge; 
and establish statistical variation in significant waste characteristics (Eckenfelder, 
1989). Other basic design considerations that will need to be investigated include: 
initial and design years, service area, site selection, design population, regulatory 
control and effluent limitations, degree of treatment required, equipment 
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selection, plant layout and hydraulic profile, energy and resource requirements, 
plant economics, and environmental impact assessments (Qasim, 1985). 
2. Equalization of the wastewater stream will need to be implemented in order to 
minimize or control fluctuations and to provide optimum conditions for 
subsequent treatment processes (Eckenfelder, 1989). Equalization can be used to 
prevent shock loadings of organic compounds to the nitrogen removal systems, 
provide adequate pH control to bring the pH down from 12.0 to 7.0 for enzymatic 
treatment, to minimize flow surges and provide continuous feed to the treatment 
systems, and to distribute waste loads evenly if the flow is diverted into multiple 
treatment units (Eckenfelder, 1989). 
3. Neutralization can also be used as a means of pH control. The alkaline wastewater 
can be neutralized with a strong mineral acid, such as H2SO4 or HCl (Reynolds & 
Richards, 1996). Flue gases that can contain 14% CO2 can also be used for 
neutralization by bubbling it through the waste. This forms carbonic acid, which 
then reacts with the alkaline wastewater (Eckenfelder, 1989). 
Studies should also be conducted to further optimize the enzymatic treatment and 
nitrogen management processes. These processes should also be customised for an 
individual refinery’s effluent requirements.  
1. Triton X-100 was the only surfactant investigated in this study. Other additives 
such as sodium dodecyl sulphate (SDS), sodium dodecylbenzenesulphonate 
(SDBS), sodium dodecanoate (SDOD), and polyethylene glycol (PEG) might be 
evaluated. 
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2. In this study, 95% of phenol was removed from the wastewater. It was shown in 
the nitrogen experiments that roughly 100 mg/L and 125 mg/L of phenol 
completely inhibited the nitrification and denitrification reactions, respectively. 
However, after 8 hours of nitrification and denitrification, with 50 mg/L of phenol 
(25% of the phenol in the raw wastewater), approximately 50% of ammonia and 
nitrate had been removed, respectively. Therefore, depending on the discharge 
requirements of the particular refinery or municipality, complete removal of 
phenol may not be required. This could result in a lower enzyme concentration 
being added, which would reduce the cost of treatment.  
3.  This study could be further enhanced by optimizing other parameters for 
nitrification and denitrification such as temperature and pH. 
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APPENDIX A 
 
SBP Activity Assay 
 
 A colorimetric assay was used to measure SBP activity in this study. The test 
determines the activity by monitoring the appearance of colour in the sample at a 
wavelength of 510 nm. The rate is measured by calculating the change in absorbance 
over change in time.  
Assay reagent: 
 5 mL of 10x concentrate [100 mM phenol in 0.5 M phosphate buffer at pH 7.4 
(0.94 g of phenol, 1.3105 g of monobasic sodium phosphate and 3.7479 g of 
dibasic sodium phosphate in 100  mL with distilled water)] 
 0.1 mL of 100 mM H2O2 
 25 mg of 4-AAP 
 42.4 mL of distilled water 
 
Calculation for the dilution factor: 
1. Find the rate of change in absorbance, A510/s, by dividing the change in 
absorbance by the change in time.  
2. Convent the rate from A510/s to A510/min. 
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3. Calculate the change in concentration using A = εcl where, 
ε = 6.0 mM -1 cm-1            l = 1.0 cm 
4. The above formula will produce an answer that is in mM/min. Since this all 
occurs in 1.0 mL total volume, mM/min x mL = μmol/min. Consequently,    
1 μmol/min = 1 U. 
5. Calculate the dilution factor by taking into account any dilution of the enzyme 
sample (determine the amount that it would be of the main preparation) and also 
the dilution achieved by pipetting 50 μL of sample into 1 mL total volume.  
6. Calculate the activity in the sample by multiplying the activity in the cuvette by 
the dilution factor (result of 4. x result of 5.). 
Procedure: 
1. Take a 50 µL of SBP sample and inject it into the cuvette 
2. Put the cuvette into spectrophotometer and lock the vessel 
3. Take a 950 µL of reagent and quickly push it into the cuvette 
4. Immediately click scan sample 
5. Monitor the progress line of colour formation on the computer, and take the 
reading of SBP activity. 
Blank the machine beforehand with 50 μL of distilled water and 0.95 mL of reagent. 
Note: The sample must be dilute enough so that the y-intercept of the graph produced is 
less than 0.1, the absorbance change is approximately 0.2, and the line is straight.   
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APPENDIX B 
 
Standard Curves 
 
B1. Phenolic Colorimetric Assay 
A colorimetric assay was used to determine the remaining phenol concentration 
after enzymatic treatment. The reaction of phenol and 4-AAP under alkaline conditions 
with K3Fe(CN)6 generates a pink chromophore. The intensity of colour generated is 
proportional to the phenol concentration in the reaction. 
Assay Reagents: 
A: 20 mM 4-AAP in 0.25 M NaHCO3 (0.2033 g of 4-AAP and 1.05 g of NaHCO3 mix in 
50 mL of distilled water) 
B: 83.4 mM K3Fe(CN)6 in 0.25 M NaHCO3 (1.373 g of K3Fe(CN)6 1.05 g of NaHCO3 
mix in 50 mL of distilled water) 
Procedure: 
1. Prepare phenol in different concentrations in triplicates from 0.01 mM to 0.1 mM 
in 800 µL of distilled water 
2. Add 100 µL of Reagent A, vortex 5 seconds 
3. Add 100 µL of Reagent B, vortex 5 seconds 
4. Wait for 5 minutes and measure the colour absorbance at 510 nm 
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Standard curve of phenol colorimetric assay: 
The standard curve is plotted with phenol concentration vs. absorbance. The linear 
equation generated can then be used to calculate unknown phenol concentrations based 
on the absorbance.  
 
Figure B-1 Phenol colorimetric assay standard curve 
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B2. H2O2 Colorimetric Assay 
A colorimetric assay was used to determine the remaining H2O2 concentration 
after enzymatic treatment. The same pink chromophore as in the phenol colorimetric 
assay is formed, where H2O2 in the sample reacts with phenol and 4-AAP in the reagent, 
and is catalyzed by concentrated ARP. The intensity of colour generated is proportional 
to the concentration of H2O2 in the reaction.  
Assay Reagents: 
A: 12.5 mM 4-AAP (63.75 mg in 25 mL), 12.5 mL 10 x concentrate (100 mM phenol in 
0.5 M         phosphate buffer at pH 7.4) and 0.31 mL of Novo ARP concentrate, and 
dilute to 25 mL with distilled water. 
Procedure: 
1. Prepare H2O2 in different concentrations in triplicates from 0.01 mM to 0.1 mM 
in 800 µL with distilled water; 
2. Add 200 µL of Reagent, vortex 5 seconds; 
3. Wait for 15 minute and measure the colour absorbance at 510 nm. 
Standard curve of phenol colorimetric assay: 
The standard curve is plotted with H2O2 concentration vs. absorbance. The linear 
equation generated can then be used to calculate unknown phenol concentrations based 
on the absorbance.  
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Figure B-2 H2O2 colorimetric assay standard curve 
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B3. HPLC Standard Curve for Triton X-100 
Different concentrations of Triton X-100 were tested by HPLC. The retention 
time is 2.90 min. The absorbance is measured at 276 nm. The mobile phase solvents are: 
95% of 100% acetonitrile and 5% of 0.1% formic acid.  
 
Figure B-3 HPLC Standard Curve for Triton X-100 
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